), mammalian long-chain acyl-CoA synthetases (Suzuki et al. 1990 ; Abe et al. 1992; Fujino and Yamamoto 1992) , luciferases from fireflies (De Wet et al. 1987 ; Masuda et al. 1989 ) and click beetle (Wood et al. 1989 ), Bacillus brevis gramicidin S synthetase 1 (Honi et al. 1989 ; Krazschmar et al. 1989 ), B. brevis tyrocidine synthetase 1 (Weckermann et al. 1988 ), Penicillium chrysogenum o-(L-cr-aminoadipyl)-L-cysteinyl-D-valine synthetase (Smith et al. 1990 ; Diez et al. 1990 ) and 4-coumarate: CoA ligases from parsley (Lozoya et al . 1988 ; Zhao et al. 1990 ). All enzymes belonging to this enzyme family catalyze two step reactions: adenylation of substrates and the subsequent thioester formation. They were found to contain a conservative sequence motif, Ser-Gly-(small hydrophilic residue)2-Gly-(any residue)-Pro-Lys-Gly (Toh 1990 ).
Although acetyl-CoA synthetase was purified from bovine heart mitochondria (Webster 1965) , its primary, secondary and tertiary structures have not been revealed. As an initial approach to elucidate the structure of this enzyme by cDNA cloning and x-ray crystallography, we have highly purified acetyl-CoA synthetase from bovine heart. In this paper, we describe kinetic properties and a secondary structure content of the highly purified enzyme. We also describe the tissue distribution of the enzyme in rat tissues.
MATERIALS AND METHODS

Materials
CoA (Grade 1), malate dehydrogenase and citrate synthase were purchased from Boehringer Mannheim GmbH (Mannheim, Germany). Trypsin and chymotrypsin from Sigma Chemical Company (St. Louis, M0, USA). Sephadex G-25, DEAE-Sepharose (CL-6B), Blue-Sepharose (CL-6B), CoA Agarose (Type 5), Superose 6 (HR 10/30) and molecular weight marker for electrophoresis were obtained from Pharmacia LKB Biotechnology (Uppsala, Sweden) . The reagents for protein assay and prestained high and low range molecular weight markers were purchased from Bio-Rad Laboratories (Hercules, CA, USA). Bovine serum albumin fraction V was purchased from Pierce Chemical Company (Rockford , IL, USA). NADH, NAD+, ATP, PMSF and all other reagents were obtained from Wako Pure Chemicals (Kyoto). Horse anti-mouse IgG (H + L) coupled to alkaline phosphatase and alkaline phosphatase substrate kit were from Vector Laboratories Inc. (Burlingame, CA, USA).
Enzyme purification A typical purification is described. All procedures were carried out at 0 to 4°C.
Step 1. Ammonium sulfate precipitation. About 2 kg of ground bovine hearts was homogenized with 1.1 volumes of 50 mM Tris-HC1 buffer, pH 8.0 containing 80 mM KC1, 1 mM DTT and 0.1 mM PMSF. The homogenate was centrifuged to remove cell debris (600 X g for 10 min), and the supernatant was subjected to ammonium sulfate precipitation.
Solid ammonium sulfate of 243 g was slowly added to 1-liter of the supernatant to achieve 40% saturation. This mixture was centrifuged at 16,000 x g for 20 min. Solid ammonium sulfate of 97 g was again added to the 16,000 x g supernatant to achieve 55% saturation. After centrifugation (16,000x g for 20 min), the ammonium sulfate precipitate was resuspended in 10 ml of buffer A (50 mM Tris-HC1, pH 8.0 and 1 mM DTT) and applied on to a Sephadex G-25 column (5 x 43 cm), previously equilibrated with buffer A. The column was eluted with buffer A at a flow rate of 120 ml/hr. Fractions exhibiting enzyme activities were collected.
Step 2. DEAF-Sepharose chromatography, The fractions containing acetylCoA Synthetase activities from the Sephadex G-25 chromatography were pooled and loaded onto a DEAE-Sepharose column (5 x 30 cm) equilibrated with buffer A. The column was washed with three column volumes of buffer A and eluted with a liner concentration gradient made between three column volumes of buffer A and the same volume of buffer A containing 1 M KC1 at a flow rate of 140 ml/ hr. Fractions exhibiting enzyme activities were collected. To concentrate the enzyme solution pooled from the DEAE-Sepharose chromatography step, solid ammonium sulfate was added to achieve 60% saturation.
The resulting precipitate was collected by centrifugation at 16,000 x g for 10 min, dissolved in 10 ml of buffer A and dialyzed against buffer A.
Step 3. Blue-Sepharose CL-6B chromatography. The dialyzed enzyme solution was applied onto a Blue-Sepharose column (2.5 x 20 cm) equilibrated with buffer A. The column was washed with five column volumes of buffer A and eluted with a linear concentration gradient made between three column volumes of buffer A and the same volume of buffer A containing 1 M KC1; the flow rate was 35 ml/hr and 8 ml fractions were collected.
Fractions exhibiting enzyme activities were pooled and concentrated by ammonium sulfate precipitation.
Step 4. CoA agarose chromatography. The enzyme solution from the BlueSepharose chromatography step was dialyzed against buffer A and then loaded onto a CoA agarose column (1.3 x 10 cm) equilibrated with buffer A. The column was washed with five column volumes of buffer A and eluted with a linear concentration gradient established between 2.5 column volumes of buffer A and the same volume of buffer A containing 1 M KC1; the flow rate was 4.5 ml/hr and 1 ml fractions were collected. The fractions exhibiting enzyme activities were combined.
Step 5. Superose 6 chromatography. The enzyme solution from the CoA agarose chromatography step was concentrated by a Centricon-30 micro concentrator (Amicon, Inc., Beverly, MA, USA) and loaded onto a Superose 6 column (25-ml bed volume) using FPLC system (Pharmacia).
The column was equilibrated and eluted with buffer A containing 1 M KC1; the flow rate was 0.5 ml/min and 1 ml fractions were collected.
The results of a typical purification of acetyl-CoA synthetase from bovine heart were summarized in Table 1 . The purified enzyme could be stored at 4°C for at least two weeks. When glycerol was added to the enzyme solution at a final concentration of 20% (w/v), it could be stored at 4°C for 1 month; more than 85% of the full activity was preserved.
Assay of acetyl-CoA synthetase activity The activity of acetyl-CoA synthetase was measured by the spectrophotometric assay (Hele 1954; Pearson 1965) . In this assay, the rate of acetylCoA formation was determined by coupling the reaction of acetyl-CoA synthetase with those of malate dehydrogenase and citrate synthase and following the production of NADH. The standard reaction mixture (total volume, 1 ml) contained 100 mM Tris-HC1 buffer (pH 8.5), 10 mM MgC12, 10 mM potassium acetate, 8 mM L-malate, 6 mM ATP, 2.5 mM DTT, 2 mM CoA, 1 mM NAD+, 0.1 mM NADH, 3 U of malate dehydrogenase and 30 U of citrate synthase. The production of NADH was followed either at 24°C or 37°C with a recording photometer (Hitachi U-2000, Tokyo) at wavelength 340 nm. All assays were carried out within a range where the reaction proceeded linearly with time and the initial rate of reaction was proportional to the amount of enzyme added. One unit (U) of enzymatic activity is defined as the amount which catalyzes the formation of 1 pmol of NADH per minute under the standard condition. This procedure for the assay is essentially the same as that reported previously (Londesborough et al. 1973 ).
Proteolytic analysis
The purified enzyme was partially digested with trypsin, subtilisin BPN' and chymotrypsin in 50 mM Tris-HC1, pH 8.0 and 1 mM DTT at 20°C for various incubation time: the final concentration of the purified enzyme and these proteases TABLE 1. Purification of acetyl-CoA synthetase from bovine heart were 1 mg/ml and 5 pg/ml, respectively. Reactions were stopped by boiling for 2 min in a loading buffer and the reaction products were analyzed by SDSpolyacrylamide gel electrophoresis.
Circular dichroism measurement
The CD spectra of the purified enzyme and the tryptic fragments were measured on a J-600 automatic spectropolarimeter (Japan Spectroscopic Co., Ltd., Tokyo) over the range of 200-250 nm using a cell with an optical path of 2 mm. Trypsin digestion of the purified enzyme was carried out as described above and the reaction was stopped at an appropriate time by the addition of diisopropyl fluorophosphate at a final concentration of 0.036 mg/ml. Proteins were prepared as 0.2 mg/ml solution in 10 mM Tris-HC1 buffer, pH 8.0.
Crystallization
To crystallize the enzyme, the purified enzyme was concentrated to 5-20 mg/ ml using a Centricon-30 micro concentrator. The crystallization was performed using the hanging drop method (Ollis and White 1990). A 10 p1 drop of a solution containing 6 mg/ml of the purified enzyme in 50 mM Tris-HC1 (pH 8.0), 1 mM DTT, 2 mM CoA and 4 mM ADP was placed on a cover slip and vapordiffused at 20°C with 1 ml of 100 mM Tris-HC1, pH 8.0, containing 10% 2-methyl-2, 4-pentanediol.
Immunochemical procedures
Mouse antisera to acetyl-CoA synthetase were prepared using the purified enzyme. Initially, SO p g of the purified enzyme emulsified with complete Freund's adjuvant was injected to a mouse subcutaneously. Subsequently two intraperitoneal injections with 10 pg of the antigen with the adjuvant were given at 6-week intervals. The immunoglobulin fraction was isolated by ammonium sulfate precipitation. Control immunoglobulin was similarly obtained from a nonimmunized rabbit.
Western blot analysis
Male Wister strain rats weighing 200-300 g were used for the Western blot analysis of the enzyme in various tissues. Rat tissues were placed in 9 volumes of cold 10 mM Tris-HC1 buffer (pH. 7.5) containing 0.25 M sucrose and homogenized using a Polytron homogenizer (Kinematica Co., Switzerland) at a maximum speed for 1 min. The homogenates were then centrifuged at 1,000 x g for 10 min to remove cell debris and the supernatants were used for the Western blot analysis. The tissue homogenates diluted 1:1 with 2 x SDS sample buffer (60 mM Tris-HC1, pH 7.5, 2 mM EDTA 10 mM 2-mercaptoethanol, 20% glycerol, and 2% SDS) were loaded on each lane of a 10% SDS-polyacrylamide gel, separated by electrophoresis, and electrophoretically transferred onto a nitrocellulose membrane (Sam-brook et al. 1989). The Western blots were probed with antibodies against bovine heart acetyl-CoA synthetase and control antibodies from a nonimmunized mouse. Second antibodies were horse anti-mouse IgG (H+L) coupled to alkaline phosphatase. The immunoreactive bands were visualized using 5-bromo-4-chloro-3-indolyl phosphate/nitro blue tetrazolium as described previously (Sambrook et al. 1989 ).
Other methods SDS-polyacrylamide gel electrophoresis was carried out as described by Laemmli (1970) . Protein was determined by the method of Bradford (1976) , using a Bio-Rad protein assay kit. Amino acid composition was determined by the method of Spackman et al. (1958) with an amino acid analyzer (SYSTEM 6300E, Beckman Instruments, Inc., Fullerton, CA, USA); samples (200-220,ug) were hydrolyzed with 6 M HC1 under vacuum at 150°C for 1 hr.
RESULTS AND DISCUSSION
Purification of the enzyme. Acetyl-CoA synthetase from bovine heart was purified to homogeneity as evidenced by SDS polyacrylamide gel electrophoresis (Fig. 1) . The purification procedure involves precipitation of crude extracts with ammonium sulfate and chromatography on DEAE-Sepharose, Blue-Sepharose CoA Agarose and Superose 6 ("Materials and Methods" and Table 1 ). The overall purification starting from the crude extracts was 153-fold with a yield of 2%. The purified enzyme exhibited specific activities of 30 units/mg protein at 24°C and 45 units/mg protein at 37° C; this value is the highest value as far as we know. The purified enzyme absolutely requires acetate, ATP and CoA for its activity. When citrate synthase and malate dehydrogenase were omitted from the reaction mixture, no reduction of NAD+ occurred, indicating that acetyl-CoA is a reaction product. The molecular weight of the enzyme estimated by SDS-polyacrylamide gel electrophoresis was approximately 72,000. This value is consistent with the molecular weight estimated from the sedimentation velocity by Londesborough et al. (1973) . Table 2 compares the amino acid composition of the purified enzyme with those obtained from the amino acid sequences of the cloned acetyl-CoA synthetases from A, nidulans and N. crassa (Connerton et al. 1990 ), revealing a close resemblance. Furthermore, these sequences evaluate 73,000 and 69,000 molecular weights for the two acetyl-CoA synthetases, respectively, which are Comparison of the amino acid from bovine heart with those nidulans and N. crassa composition of acetyl-CoA synthetase of acetyl-CoA synthetases from A.
essentially close to that of the same enzyme from bovine hearts. These results suggest that the mammalian enzyme has a similar amino acid sequence to those of the fungi. Kinetic properties of the purified enzyme. Studies were made on the substrate specificity and kinetic properties of the purified enzyme. As shown in Table 3 , the enzyme specifically utilized acetate; although the enzyme was able to activate propionate, acrylate, butyrate, and valerate, the relative activities for these compounds were less than 1.5% of that for acetate. The apparent Km values, as estimated by Lineweaver-Burk plots, were 0.16 mM for acetate, 0.14 mM for CoA, and 0.25 mM for ATP. These values are comparable to those reported by Webster (1965) . The effect of pH on the activity of the enzyme was determined by varying the pH with Tris-HC1 buffers (pH 7.5-9.0), and the enzyme exhibited a pH optimum at 8.5.
Limited proteolysis and CD spectral variations of the enzyme. To analyze the domain structure of the enzyme, we carried out limited proteolysis of the purified enzyme using trypsin, subtilisin BPN', and chymotrypsin (Fig. 2) . The treatment of the purified enzyme with these proteases, including a low specific subtilisin BPN', produced a common 56 k fragment, although the enzymatic activity was lost by these proteolytic digestions. This result suggests that the enzyme contains a 56 k core region that is highly resistant to these proteases.
To analyze the secondary structure content of the enzyme, we measured CD spectral variations of the purified enzyme and the 56 k proteolytic fragment generated by trypsin digestion. The 72 k purified enzyme was found to consist of approximately 30% a-helix and 30% fl-structure (Fig. 3) . Digestion of the purified enzyme with trypsin decreased a-helix content by 10%, suggesting that the enzyme contains an a-helix rich structure susceptible to trypsin digestion.
Crystallization of the enzyme. With the aim of x-ray structural determination, we attempted to crystallize the purified enzyme. We first tried to crystallize TABLE 3 . Substrate specificity of the purified acetyl-CoA synthetase from bovine heart the enzyme using the same procedure as described by Webster (1965) , however, the enzyme was not crystallized in our hands. Then, we searched for various conditions including precipitation of the enzyme with ammonium sulfate, polyethylene glycols with various molecular weights and 2-methyl-2,4-pentanediol in the presence or absence of CoA and/or ADP. We obtained microcrystals when a droplet containing 6 mg protein/ml of the purified enzyme in 50 mM Tris-HC1(pH 8.0), 1 mM DTT, 2 mM CoA and 4 mM ADP was vapor-diffused at 20° C with a solution containing 100 mM Tris-HC1, pH 8.0 and 10% (v/v) 2-methyl-2,4-pentanediol (Fig. 4) . However, these crystals were not suitable for x-ray diffraction study. Tissue distribution of the enzyme. Tissue distribution of the enzyme was photograph analyzed using antibodies against the purified enzyme. The Western blot analysis of the purified enzyme and rat tissue samples detected the 72 k purified enzyme and the same molecular weight protein in rat tissues (Fig. 5 ). This 72 k protein was most abundant in rat heart and was not detected by control antibodies, suggesting that the cross-reacting protein is the rat homologue of acetyl-CoA synthetase. The 72 k cross-reacting protein was also detected in kidney and, to a much lesser extent in muscle, adipose tissue, lung and brain. This pattern of tissue distribution well agrees with those of mitochondrial acetyl-CoA synthetase activities in rat tissues (Scholte and Groot 1975) , indicating that the 72 k protein is a rat homologue of mitochondrial acetyl-CoA synthetase. Consistent with the absence of acetyl-CoA synthetase activity in rat liver mitochondria (Scholte and Groot 1975), we could not detect the protein in liver.
In this study, we have highly purified acetyl-CoA synthetase from bovine heart and characterized it. Although we have succeeded in the crystallization of the enzyme, the obtained crystals were not suitable for the x-ray diffraction studies. Thus, we are currently isolating cDNAs encoding this enzyme. Isolation of a full-length cDNA for acetyl-CoA synthetase and subsequent expression of the enzyme in Escherichia coli will promote studies on the structure and function relationship of this enzyme. and comments.
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